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The nature of dark matter from direct 
and indirect searches. 



Early evidence for dark matter

Rotation curves (Rubin & Ford 1970’s)

The Coma cluster and 
the virial Theorem 
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More recent observations:
Grav. Lensing and the CMB

      

Planck Collaboration: Cosmological parameters

Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base ΛCDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b), and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base ΛCDM Planck+WP+highL model, which is fitted to the TT data only.
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Planck data available today!
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Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base ΛCDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b), and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base ΛCDM Planck+WP+highL model, which is fitted to the TT data only.
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BAO and clustering of galaxies:
14 L. Anderson et al.

Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fit models overplotted. The vertical dotted lines show
the range of scales fitted (0.02 < k < 0.3hMpc−1), and the inset shows the BAO within this k-range, determined by dividing both model and data by the
best-fit model calculated (including window function convolution) with no BAO. Error bars indicate

√
Cii for the power spectrum and the rms error calculated

from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

an estimate of the “redshift-space” power, binned into bins in k of
width 0.04hMpc−1.

6.2 Fitting the power spectrum

We fit the observed redshift-space power spectrum, calculated as
described in Section 6, with a two component model comprising a
smooth cubic spline multiplied by a model for the BAO, following
the procedure developed by Percival et al. (2007a,c, 2010). The
model power spectrum is given by

P (k)m = P (k)smooth ×Bm(k/α), (32)

where P (k)smooth is a smooth model that fits the overall shape
of the power spectrum, and the BAO model Bm(k), calculated for
our fiducial cosmology, is scaled by the dilation parameter α as
defined in Eq. 21. The calculation of the BAO model is described
in detail below. This scaling of the acoustic signal is identical to
that used in the correlation function fits, although the differing non-
linear prescriptions in (Eqns 23 & 32) means that the non-linear
BAO damping is treated in a subtly different way.

Each power spectrum model to be fitted is convolved with the
survey window function, giving our final model power spectrum to
be compared with the data. The window function for this convolu-
tion is the normalised power in a Fourier transform of the weighted
survey coverage, as defined by the random catalogue, and is calcu-
lated using the same Fourier procedure described in Section 6 (e.g.
Percival et al. 2007c). This is then fitted to express the window
function as a matrix relating the model power spectrum evaluated
at 1000 wavenumbers, kn, equally spaced in 0 < k < 2hMpc−1,
to the central wavenumbers of the observed bandpowers ki:

P (ki)fit =
�

n

W (ki, kn)P (kn)m −W (ki, 0). (33)

The final term W (ki, 0) arises because we estimate the average
galaxy density from the sample, and is related to the integral con-
straint in the correlation function. In fact this term is smooth (as

the power of the window function is smooth), and so can be ab-
sorbed into the smooth component of the fit, and we therefore do
not explicitly include this term in our fits.

To model the overall shape of the galaxy clustering power
spectrum we use a cubic spline (Press et al. 1992), with nine nodes
fixed empirically at k = 0.001, and 0.02 < k < 0.4 with
∆k = 0.05, matching that adopted in Percival et al. (2007c, 2010).
This model was tested in these papers, but we show in Section B3
that it also provides an excellent fit to the overall shape of the DR9
CMASS mock catalogues, and that there is no evidence for devia-
tions for the fits to the data.

To calculate our fiducial BAO model, we start with a linear
matter power spectrum P (k)lin, calculated using CAMB (Lewis et
al. 2000), which numerically solves the Boltzman equation describ-
ing the physical processes in the Universe before the baryon-drag
epoch. We then evolve using the HALOFIT prescription (Smith
et al. 2003), giving an approximation to the evolved power spec-
trum at the effective redshift of the survey. To extract the BAO, this
power spectrum is fitted with a model as given by Eq. 32, where we
adopt a fixed BAO model (BEH) calculated using the Eisenstein &
Hu (1998) fitting formulae at the same fiducial cosmology. Divid-
ing P (k)lin by the best-fit smooth power spectrum component from
this fit produces our BAO model, which we denote BCAMB.

We damp the acoustic oscillations to allow for non-linear ef-
fects

Bm = (BCAMB − 1)e−k2Σ2
nl/2 + 1, (34)

where the damping scale Σnl is a fitted parameter. We assume
a Gaussian prior on Σnl with width ±2h−1 Mpc, centred on
8.24h−1 Mpc for pre-reconstruction fits and 4.47h−1 Mpc for
post-reconstruction fits, matching the average recovered values
from fits to the 600 mock catalogs with no prior. The exact width of
the prior is not important, but if we do not include such a prior, then
the fit can become unstable with respect to local minima at extreme
values.

c� 2011 RAS, MNRAS 000, 2–33

SDSS collaboration (2012)



The Bullet Cluster 1E 0657-558

D. Clowe, M. Brada, A.H. Gonzalez, M. Markevitch, S.W. Randall, 
C. Jones and D. Zaritsky, Ap. J. 648, L109 (2006)



•  Plenty of observational evidence for dark matter.
    But what is the dark matter composed of ??
    A good DM candidate: Weakly Interacting Massive Particles.
    Hints of WIMP dark matter from direct searches??
      DAMA/CoGeNT/CRESST Versus XENON,CDMS, . . . .

•  WIMP indirect and collider searches:
      (i) Cosmic Microwave Background: 
      What do we learn from WMAP-9 + ACT + SPT ??
      What about Planck TT (today) and EE (future) ?     
      (ii) Observing dwarf galaxies at radio frequencies with the GBT.
      (iii) Collider searches: what do LHC + LEP + BELLE tell us ?

Outline



Motivation for WIMPs
•  Were suggested to solve problems in particle physics
   unrelated to dark matter.  

•  Have weak interactions in addition to gravity.
(a) (b)
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Figure 10: Evolution with temperature and yielding the correct WIMP relic density Ωχh2 = 0.11
with illustrative values of the WIMP mass mχ = 5, 100, and 1000 GeV, (a) WIMP number density,
and (b) WIMP mass density. The equilibrium lines are for mχ = 100 GeV.

the densities if the particle keeps in thermal equilibrium with the environment formχ = 100

GeV. It is known that the freeze-out temperature for a relatively light WIMP particle is

xf = mχ/T ≈ 20. (A.11)

The horizontal curves in Figs. 10(a) and (b) present the WIMP number density and mass

density after freeze-out for mχ = 5− 1000 GeV, leading to the correct relic density.
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Figure 1: (a) The number of relativistic degrees of freedom as a function of temperature. The

relic density Ωχh
2
= 0.11; (b) WIMP number density evolution with temperature for illustrative

values of a, b with mχ = 100 GeV, (c) a, b values versus the WIMP mass, (d) a versus b for mχ =5,

100, and 1000 GeV.

3. The MSSM parameters relevant to DM studies

In SUSY theories with conserved R-parity, the lightest supersymmetric particle (LSP) is a

viable WIMP DM candidate. For both theoretical and observational considerations [1, 2,

55–57], it is believed that the best candidate is the lightest Majorana mass eigenstate which

is an admixture of the Bino (B̃), Wino (W̃3), and Higgsinos (H̃d,u), with the corresponding

soft SUSY breaking mass parameters M1, M2, and the Higgs mixing µ, respectively. The

neutralino mass matrix in the Bino-Wino-Higgsino basis is given by

Mneut =





M1 0 −mz cosβ sin θw mz sinβ sin θw
0 M2 mz cosβ cos θw −mz sinβ cos θw

−mz cosβ sin θw mz cosβ cos θw 0 −µ

mz sinβ sin θw −mz sinβ cos θw −µ 0




,
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when the b term from the p-wave is not negligible. This will have direct consequences in

the interpretation of indirect search results. In Section 3, we discuss our technique for

scanning the MSSM parameter space. In Section 4, we present our results, and discuss the

experimental constraints from the Higgs and flavor searches. We also discuss the constraints

on the parameter space imposed by the XENON-100 search for spin-independent scattering,

as well as the Super-K and IceCube/DeepCore limits on spin-dependent scattering. We

show that future experiments such as LUX and XENON-1T will likely probe the natural

supersymmetric parametric space consistent with the LSP constituting all the DM. We

present extensive discussions of our results in Section 5 and finally draw our conclusions in

Section 6. Details of the relic density calculation are presented in the Appendix.

2. Dark matter relic density

With in the Standard Cosmology, we evaluate the thermal history of the dark matter [1,2].

We assume that the WIMP, generically denoted by χ, constitutes all of the thermal DM.

Let us define the DM relic density Ωχ as the ratio of the DM mass density at the present

epoch to the critical mass density (ρcrit). The well-measured value from WMAP9, ACT,

SPT, SNLS3, BAO, and H0 [18] is obtained

Ωχh
2 =

mχnχ

ρcrit/h2
= 0.1148± 0.0019. (2.1)

The number density of WIMPs at time t, nχ(t), can be obtained by solving the Boltzmann

equation (see Appendix for details). The annihilation cross section (σa) characterizes the

WIMP dynamics for a given theory. Since WIMPs are non-relativistic at freeze-out, the

velocity averaged cross section �σav� may be expanded in v, customarily written as

σav

1 pb× c
= a+ bv2 +O(v4),

�σav�
1 pb× c

= a+
6b

x
with x =

mχ

T
, (2.2)

where the traditional units are 1 pb×c = 3 × 10−26 cm3/s. Simple threshold arguments

indicate that s-wave annihilation contributes dominantly to a, while p-wave annihilation

contributes only to b. Requiring that the thermal relic density satisfy the measured value

gives us the cross section. This leads to the result:

Ωχh
2 ≈ 0.11 ⇒ �σav� ≈ 2.18× 10−26 cm3/s. (2.3)

Fig. 1(a) shows the evolution of the number of relativistic degrees of freedom, from [54].

We show the WIMP number density approaching the present day value in Fig. 1(b) for

mχ = 100 GeV for the extreme cases b = 0 and a = 0. The range of a and b values

versus the WIMP mass is shown in Fig. 1(c). For a WIMP mass above around 4 − 5

GeV, a remains almost constant for arbitrary WIMP masses when b is of negligible value,

reflecting the “WIMP miracle” that leads to the correct relic density. Below 4 − 5 GeV,

somewhat larger values of a and b would be needed to yield the correct relic density, due to

the reduction of g at the quark-hadron transition. We will not explore the very low mass

region any further in this work. The interplay between a and b follows a linear relation

empirically, and is shown in Fig. 1(d) for various WIMP mass values.

– 3 –
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LSR = 220 km/s

DAMA and Annual Modulation

2 The model independent result

Several analyses on the model-independent investigation of the DM annual
modulation signature have been performed in [7] as previously done in ref.

2-6 keV
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Figure 1: Experimental model-independent residual rate of the single-hit scintil-
lation events, measured by DAMA/LIBRA-1,2,3,4,5,6 in the (2 – 6) keV energy
interval as a function of the time [6, 7]. The zero of the time scale is January 1st

of the first year of data taking of the former DAMA/NaI experiment. The experi-
mental points present the errors as vertical bars and the associated time bin width
as horizontal bars. The superimposed curve is the cosinusoidal function behavior
A cosω(t− t0) with a period T = 2π

ω
= 1 yr, with a phase t0 = 152.5 day (June 2nd)

and with modulation amplitude, A, equal to the central value obtained by best fit
over the whole data including also the exposure previously collected by the former
DAMA/NaI experiment. The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2nd), while the dotted vertical lines correspond
to the minimum. See refs. [6, 7] and refs. therein.

[6] and refs. therein. In particular, Fig. 1 shows the time behaviour of
the experimental residual rates for single-hit events in the (2–6) keV energy
interval; as known, here and hereafter keV means keV electron equivalent.
The hypothesis of absence of modulation in the data can be discarded [6,
7]. Moreover, when the period and the phase parameters as well as the
modulation amplitude are kept free fitting the experimental residuals of
Fig. 1 with the formula: Acosω(t - t0), values well compatible with the
expectations for a signal in the DM annual modulation signature are found
[6, 7]. In particular, the phase – whose better determination is obtained by
using a maximum likelihood analysis [6, 7] – is consistent with about June
2nd within 2σ. For completeness, we note that a slight energy dependence
of the phase could be expected in case of possible contributions of non-
thermalized DM components to the galactic halo, such as e.g. the SagDEG
stream [8] and the caustics [9].

The data have also been investigated by a Fourier analysis, obtaining a
clear peak corresponding to a period of 1 year; the same analysis in other
energy region shows instead only aliasing peaks [6, 7].

•  Taking data since 2003 
   in the Gran Sasso mine

•   With earlier DAMA/NaI, exposure is 
      1.17 ton-year (13 annual cycles).

Single hit events show a modulation at 8.9 σ
Multiple hit events consistent with zero modulation.

•  Looks for scintillation light 
   using PMTs.

R. Bernabei et al. 
for DAMA, 2010



Aalseth et al. for CoGeNT 2011, 2012
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observed at SUL, as is done in figure 25, less than 10%
of the low-energy spectral excess at SUL can be assigned
to partial energy depositions from 68Ge activation (both
radioisotopes undergo the same decay). This <10% is
a conservative upper limit, given that the DAQ used in
San Onofre did not feature the digitization of preampli-
fier traces necessary for rise-time cuts (i.e., the low en-
ergy component of the 71Ge template in figure 25 would
be further reduced by those).

FIG. 25. Negligible upper-limit to the contribution from cos-
mogenic activity in the near-threshold energy region of the
CoGeNT detector at SUL (see text).

C. Radon

Sec.II-A describes active measures against penetration
of radon into the detector’s inner shielding cavity. Exter-
nal gamma activity from this source is efficiently blocked
by the minimum of 25 cm of lead shielding around the
detector (the attenuation length in lead for the highest-
energy radon associated gamma emission is ∼ 2 cm).
These measures include precautions such as automatic
valving off of the evaporated nitrogen purge gas lines
during replacement of the dedicated Dewar. A time
analysis of the low-energy counting rate looking for sig-
natures of radon injection (a surge followed by a decay
with t1/2=3.8 d) revealed no such instances. Radon lev-
els at SUL are continuously measured by the MINOS
experiment, showing a large seasonal variation (a fac-
tor of ∼±2) [38, 39]. Figure 26 displays a comparison
between these measurements and the germanium count-
ing rate, showing an evident lack of correlation. While
we have not requested access to information regarding
diurnal changes in radon level at SUL, these are com-
monly observed in underground sites, and seemingly ab-
sent from CoGeNT data (figure 9). A modulated radon
signature would appear at all energies in CoGeNT spec-
tra, an effect not observed, due to partial energy deposi-
tion from Compton scattering of gamma rays emitted by

this radioactive gas and its progeny [47].

FIG. 26. Counts per 30 day bins from the 0.5 - 3.0 keVee
CoGeNT energy window (black dots) compared to the MI-
NOS radon data at SUL (dashed), averaged over the period
2007-2011, exhibiting a peak on August 28th [38, 39]. The
solid curve represents a sinusoidal fit to CoGeNT data.

D. Backgrounds from radioactivity in cryostat
materials

Materials surrounding the CoGeNT detector are se-
lected for their low radioactivity (Sec.II-A). However, due
to the proximity of these materials to the detector, even
small activities could potentially be a background to a
possible dark matter signal. We have therefore performed
simulations of these backgrounds to determine their con-
tribution to the low-energy spectrum.

1. Backgrounds from OFHC Copper and PTFE

The CoGeNT detector is contained within OFHC
copper parts, etched to reduce surface contaminations
(Sec.II-A). Gamma counting of large samples of OFHC
copper at Gran Sasso yield 238U and 232Th concentra-
tions of 18 µBq/kg and 28 µBq/kg, respectively [48]. We
have simulated the 238U and 232Th decay chains in the
copper shield, including gamma emission, betas and their
associated bremsstrahlung. The simulation also includes
the alpha-decays in both chains, since alpha-induced X-
ray emission is potentially a background. The number
of events within the 0.5–3.0 keVee region is estimated as
a negligible ∼9 events for the entire 442 day data set in
[5]. A similar calculation for the 0.5 mm PTFE liner sur-
rounding the crystal, also chemically etched, yields only
1.5 events for the same energy region and time period,
using a conservative activity of 15 mBq/kg (238U) and 7
mBq/kg (232Th) [49]. In addition to this, we calculate an
absence of measurable contribution from standard con-
centrations of 40K and 14C in the PTFE crystal liner
(<85 mBq/kg and ∼60 Bq/kg, respectively).

CoGeNT
• Low threshold Germanium detector.

•  Results in 2010 with 56 days of data
    - excess events at low energies.

• New results in 2011 confirm excess events at low energies.
   15 months of data.   Annual modulation at 2.8 σ
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Fig. 5. Data obtained with one detector module in a cali-
bration measurement with an AmBe neutron source, with the
source placed outside the lead shielding. The solid red lines
mark the boundary of the calculated oxygen recoil band (10%
of events are expected above the upper and 10% below the
lower boundary). The vertical dashed lines indicate the lower
and upper energy bounds of the WIMP acceptance region as
will be introduced in Section 3.

width is dominated by the light channel resolution com-
pared to which the resolution of the phonon channel is
much superior. This is understandable in view of the small
fraction of the deposited energy appearing as light.

We extract the resolution of the light channel as a func-
tion of light energy by fitting the e/γ-band with a Gaus-
sian of energy dependent center and width. We note that,
although the production of scintillation light is governed
by Poisson statistics, the Gaussian model is a very good
approximation in our regions of interest. This is because
the e/γ-events produce a sufficiently large number of pho-
tons for the Poisson distribution to be well approximated
by a Gaussian. On the other hand, for the quenched bands
with low light yields, the Gaussian baseline noise of the
light detector determines the resolution.

The position and width of the bands other than the
e/γ-band can be calculated based on the known quenching
factors discussed above and using the light channel reso-
lutions obtained from the fit to the e/γ-band. In order to
get the width of a quenched band at a certain energy the
light channel resolution for the actual light energy is used.

To validate this calculation for quenched bands, we use
the data from a calibration measurement with an AmBe
neutron source placed outside the Pb/Cu shielding. We
expect the neutrons to mainly induce oxygen nuclear recoil
events. Fig. 5 shows the data obtained by one detector
module in this measurement, together with the calculated
central 80% band for oxygen recoils (10% of the events
are expected above the upper and 10% below the lower
boundary).

Nuclear recoil events up to energies of about 300 keV
are observed, with the spectrum falling off quickly towards
high energies. In neutron-nucleus elastic scattering the re-
coil energy of the nucleus is inversely proportional to its
mass. Thus the highest energy recoils must be oxygen nu-

clei. From the ratio of the mass numbers we then expect
the highest energy of calcium recoils to be around 100 keV.
Above 100 keV, we therefore have purely oxygen recoils,
and the distribution fits well into the calculated oxygen
band. Towards lower energies, the observed events are still
in agreement with the prediction, although an increasing
contribution from calcium recoils slightly shifts the center
of the observed event distribution to lower light yields.

3 The Latest Experimental Run

3.1 Data Set

The latest run of CRESST took place between June 2009
and April 2011. It included a neutron test and γ-calibra-
tions with 57Co and 232Th sources. In total, 18 detector
modules were installed in the cryostat, out of which ten
were fully operated. The remaining modules cannot be
employed for a Dark Matter analysis, principally due to
difficulties in cooling the light detectors. However, seven
additional individual detectors (six phonon and one light
detector) were still operated in order to tag coincident
events (with signals in more than one module).

One of the ten operational modules was equipped with
a test ZnWO4 crystal and we do not include it in this anal-
ysis because of uncertainties in the quenching factors in
this material. Another operational detector module had
unusually poor energy resolution, with practically no sen-
sitivity in the WIMP signal region, and was therefore ex-
cluded from the analysis. The data discussed in this paper
were thus collected by eight detector modules, between
July 2009 and March 2011. They correspond to a total
net exposure (after cuts) of 730 kg days.

3.2 Observed Event Classes

Fig. 6 shows an example of the data obtained by one de-
tector module, presented in the light yield-energy plane.

The e/γ-events are observed around a light yield of 1.
The calculated bands for α’s, oxygen recoils, and tungsten
recoils are shown.1 The spread of a band at each energy is
chosen so that it contains 80% of the events, that is 10%
of the events are expected above the upper boundary and
10% of the events are expected below the lower boundary.
This convention will be used throughout the following dis-
cussion whenever we refer to events being inside or outside
of a band.

Beside the dominant e/γ-background, we identify sev-
eral other classes of events:

Firstly, we observe low energy α’s with energies of
100 keV and less. They can be understood as a conse-
quence of an α-contamination in the non-scintillating
clamps holding the crystals. If the α-particle has lost

1 The calcium band is not shown for clarity. It is located
roughly in the middle between the oxygen and the tungsten
bands.
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Fig. 6. (Color online) The data of one detector module (Ch20),
shown in the light yield vs. recoil energy plane. The large num-
ber of events in the band around a light yield of 1 is due to
electron and gamma background events. The shaded areas in-
dicate the bands, where alpha (yellow), oxygen (violet), and
tungsten (gray) recoil events are expected. Additionally high-
lighted are the acceptance region used in this work (orange),
the reference region in the α-band (blue), as well as the events
observed in these two regions. See text for discussion.

most of its energy in the clamp before reaching the target

crystal, it can appear at low energy. The rate of such

α-events differs by some factor of two among the detector

modules (see Section 4.2).

Secondly, Fig. 6 shows a characteristic event popula-

tion in and below the tungsten band around 100 keV. This

is present in all detector modules, albeit the number of

events varies. This population can be attributed to the

lead nuclei from 210Po α-decays on the holding clamps

(see Section 2.4). The distribution of these events exhibits

a low-energy tail, with decreasing density towards lower

energies. In spite of this decrease, there are detector mod-

ules (the ones with a high population of such lead events)

in which the tail visibly reaches down to energies as low

as a few tens of keV.

Finally, low energy events are present in the oxygen,

(calcium,) and tungsten bands at energies up to a few tens

of keV, i.e. in the region of interest for the WIMP search.

These events will be the main focus of our discussion in

the following. We start by defining the acceptance region

on which the discussion will be based.

3.3 Acceptance Region

Depending on the mass of a possible WIMP, any of the

nuclei in CaWO4 can be a relevant target for WIMP scat-

tering as discussed above. We therefore choose our accep-

tance region such that it includes all three kinds of nu-

clear recoils: it is located between the upper boundary of

the oxygen band and the lower boundary of the tungsten

band. This selection automatically includes the calcium

band.

module Emin
acc [keV] acc. events

Ch05 12.3 11

Ch20 12.9 6

Ch29 12.1 17

Ch33 15.0 6

Ch43 15.5 9

Ch45 16.2 4

Ch47 19.0 5

Ch51 10.2 9

total - 67

Table 1. Lower energy limits Emin
acc of the acceptance regions

and the number of observed events in the acceptance region of
each detector module.

We restrict the accepted recoil energies to below

40 keV, since as a result of the incoming WIMP veloc-

ities and nuclear form factors, no significant WIMP signal

is expected at higher energies. On the other hand, to-

wards low energies the finite detector resolution leads to

an increasing leakage of e/γ-events into the nuclear recoil

bands. We limit this background by imposing a lower

energy bound Emin
acc in each detector module, chosen such

that the expected e/γ-leakage into the acceptance region

of this module is one event in the whole data set. Due to

the different resolutions and levels of e/γ-background in

the crystals, each module is characterized by an individ-

ual value of Emin
acc . Table 1 lists the values of Emin

acc for all

modules.

An example of the resulting acceptance region is shown

(orange) in Fig. 6 and the events observed therein are

highlighted. In the sum over all eight detector modules,

we then find 67 accepted events, the origin of which we

will discuss in the following. Table 1 shows the distribu-

tion of these events among the different detector modules.

Since Emin
acc as well as the width of the bands are module-

dependent, different modules have different sized accep-

tance regions and thus different expectations with respect

to background and signal contributions.

3.4 Backgrounds in the Acceptance Region

With the above choice of the acceptance region, four

sources of background events can be identified:

1. leakage of e/γ-events at low energies,

2. α-events due to overlap with the α-band,
3. neutron scatterings which mainly induce oxygen recoils

in the energy range of interest, and

4. lead recoils from α-decays at the surface of the clamps,

degraded to low energy.

In the following, we estimate the contribution of each of

these backgrounds and finally investigate a possible excess

above this expectation. When present, such an excess may

be the result of WIMP scatterings in our detectors, or of

course an unsuspected background.

Angloher et al 2011CRESST

• Target = CaWO4    Gran Sasso mine.

• Transition Edge Sensors (TES) made of Tungsten.
   Scintillation light together with Phonon signal.

• Can distinguish electron/photons from WIMPs/neutrons.

• Results in 2011 with 730 kg.days
   Excess events consistent with light WIMPs.

Calibration with AmBe
Data



Low mass DM can be tested with the CMB

• CMB is well understood (linear physics)
   and very well measured by WMAP + Planck + ACT/SPT.

• DM annihilation is most important at high redshifts z > 100
   Thus halos are not very important. 
   No astrophysical backgrounds to worry about.



1

χχ −→ bb̄ e±, pp̄, dd̄, γγ, νν̄

1

χχ −→ bb̄ e±, pp̄, dd̄, γγ, νν̄

DM annihilation to standard model particles

• e±  :  inverse Compton scatter with the CMB very quickly
        --> Boost CMB to higher energies.
         Medium energy photons photoionize the gas.

• p±  inverse Compton scatter slowly.

• γ    Delbruck scatter with the CMB.
        Ionize and Compton scatter with neutral atoms.

A.N. & Schwarz 2009, 2010; Cirelli & Panci 2009; Belikov & Hooper 2009;
Slatyer, Padmanabhan, & Finkbeiner 2009;  Furlanetto & Stoever 2010



1

τ =
�

dt c ne(z) σT

DM annihilation to standard model particles



TT damped on small scales
EE boosted on large scales

no DM

with DM

no DM

with DM

A.N. 2012,  A.N. et al. in preparation.



Cl ∝ As (k/kpivot)
ns e−τ

�σav� < 8× 10−26 cm3/s for mχ = 100 GeV

1

Damping of the TT spectrum is 
scale dependent due to causality

Red: no DM
Blue: with DM

Too much power 
on scales l < 100.Looks good

on scales l > 300.

BUT

Let’s increase As
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Let’s keep ns fixed,
but increase As



Cl ∝ As (k/kpivot)
ns e−τ

�σav� < 8× 10−26 cm3/s for mχ = 100 GeV

1

Damping of the TT spectrum is 
scale dependent due to causality

300 600 1000 2500 2600

Red: no DM
Blue: with DM

Looks good
on scales l < 1000.

Too much power
on scales l > 2500.

BUT

Let’s increase ns

Let’s keep As fixed,
but increase ns
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CMB Data & Variables
τ, ns, As, h,Ωch2,Ωbh2, mχ

Cl ∝ As (k/kpivot)
ns e−τ

�σav� < 8× 10−26 cm3/s for mχ = 100 GeV

1

+ SZ, IR (Poisson), IR (clust.)

τ, ns, As, h,Ωch2,Ωbh2, mχ

Cl ∝ As (k/kpivot)
ns e−τ

�σav� < 8× 10−26 cm3/s for mχ = 100 GeV

1

MontePython & CLASS
Audren et al. 2013;  Lesgourgues et al. 2012 
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τ, ns, As, h,Ωch2,Ωbh2, mχ

Cl ∝ As (k/kpivot)
ns e−τ

�σav� < 8× 10−26 cm3/s for mχ = 100 GeV

1

Excluded at 
95% CL

ξ = �σav�
mχ

fem f̄abs(z)

A0 → bb̄; τ+τ−

�σav� < 3× 10−26 cm3/s

ρ
ρs

= 1

( r+rcore
rs )(1+ r+rcore

rs )2

1

< 0.073 pb.c/GeV

==> m > 13 GeV  e+e-

WMAP9 + SPT
+ QUaD + BICEP

A.N. 2012; A.N. et al. in preparation.

Planck (today)
< 0.184  pb.c/GeV



What about the low l polarization ?

ΛCDM

2 GeV WIMP

weak support for DM ?



What to expect from Planck TT

mean value given by the assumed theory, and a variance δCEE
l equal to n × cosmic variance

(assuming full sky coverage):

δCEE
l

CEE
l

= n×
�

2

2l + 1
. (21)

We fit each Monte Carlo simulated data set from l = 20 to l = 50 with the assumed

correct theory. In each case, we compute the value of χ2
(with 31 degrees of freedom). Fig.

9(b) shows the number of Monte Carlo simulations that result in a given value of χ2
within

a bin of size ∆χ2
= 1, along with the best fit χ2

distribution. We then fit each Monte

Carlo simulation with the model that includes dark matter annihilation for mχ = 10 GeV,

assuming error bars of 4, and 3 × cosmic variance. The two solid lines show the median

value of χ2
, over 10

5
simulations. For n = 4, only 4.4% of the Monte Carlo simulations

result in a value of χ2
exceeding the median value of χ2

dm = 45.6 obtained for the mχ=10

GeV scenario. For n = 3, only 0.25% of the simulations result in a χ2
exceeding the median

χ2
dm = 57.6. We therefore expect that a dark matter mass mχ ∼ 10 GeV may be excluded at

the 95.6% (99.7%) confidence level provided the error bars are smaller than 4 (3) × cosmic

variance. For comparison, the current WMAP unbinned EE data has an error bar ∼ 47×
cosmic variance at l = 40.

It is important to note that the fit cannot be improved by varying As, the parameter most

degenerate with the effect of dark matter annihilation. This is because the value of As is fixed

independently by the TT power spectrum data. For the case of the standard theory without

dark matter annihilation (mχ ∼ ∞), the fit to the TT power spectrum data yields χ2
min =

46.8/48 d.o.f. for 10
9As = 2.245, with the other parameters set to the values mentioned

earlier. When the particle mass is reduced to mχ = 10 GeV with the value of As fixed, one

obtains χ2
= 254/48 d.o.f. which is conclusively ruled out by the data. However, the value

of As is not fixed, and increasing 10
9As to 2.370 reduces the value of χ2

to 50.8/48 d.o.f.,

which while still disfavored by the data, is not excluded at high significance. Increasing the

value of As to better fit the TT data would worsen the fit to the EE data since a damping

in the small angle TT power spectrum is accompanied by a boost in the large angle EE
power spectrum. With the new value of As, the median χ2

for the n = 4 (3) cases increases

from 45.6 (57.6) to 51.3 (67.8) with 31 d.o.f.

Let us now consider the Planck experiment. The error bar at multipole l is given by

[72, 73]:

δCEE
l

CEE
l

=

�
2

2l + 1

1

f 1/2
sky

�

1 +
(fskyw)

−1

CEE
l

el(l+1)σ2
b

�

. (22)

w−1
= σ2

pix θ2
fwhm is the inverse weight per solid angle. σpix is the pixel noise, θfwhm is the

beam full width at half maximum, fsky is the fraction of sky covered, and σb = θfwhm/
√

8 ln 2.

The number of pixels ≈ 4π/θ2
fwhm. The inverse weight per solid angle is then given by

w−1
= 4π(∆T )

2/(t×nbol), where ∆T is the noise equivalent temperature per bolometer, t is

the observation time, and nbol is the number of bolometers for the given frequency channel.

For the 143 GHz polarization sensitive channel of Planck (143P), ∆T = 82 µK
√

s, nbol =

8, and θfwhm = 7
�
[74], giving us w−1

= 2.7(1.1) × 10
−4µK

2
for t = 15 months (3 years).

Assuming fsky ≈ 0.65 [75], we find that the Planck mission can exclude mχ = 10 GeV with

EE power spectrum data from 20 < l < 50 at <∼ 2σ with 15 months observation time and

at > 3σ significance with 3 years observation time. The combined TT + TE + EE data set

from Planck will provide even better constraints.

17

Error bars:

FWHM = 7’ for the 143 GHz channel
==> cosmic variance limited until l = 1200

Big improvement over WMAP from l = 600 to l ≈ 2000
For l > 2000,  ACT/SPT wins due to smaller beam.
    



What to expect from Planck EEangle (small l) EE power spectrum provides valuable information that is complementary to

the information obtained from the TT power spectrum.
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FIG. 9: (a) shows the large angle EE power spectrum for mχ =∞ (solid, red), as well as the cases

with dark matter annihilation (dotted green and blue). Also shown is the first data point from the

binned BICEP data release. (b) shows the result of 105 Monte Carlo simulations for multipoles

20 ≤ l ≤ 50, assuming a ΛCDM model with no dark matter annihilation. The error bars are set

to n× cosmic variance. The two vertical lines indicate the median value of χ2
dm for the mχ =

10 GeV model, for n = 4 and n = 3. Only 4.4 (0.25)% of the simulations (with no dark matter

annihilation) result in a χ2 larger than the median value of χ2
dm, for n = 4 (3).

Fig. 9 shows the EE power spectrum plotted for multipoles 20 ≤ l ≤ 50 for the standard

ΛCDM model, as well as models which include dark matter annihilation for mχ = 10 GeV

and mχ = 1 GeV. Also shown is the first data point from the BICEP results (The WMAP

experiment provides unbinned power spectra for 20 ≤ l ≤ 50, but the data is prohibitively

noisy). We have not included data for l < 20 since the power spectrum on those scales is

significantly affected by standard reionization by luminous sources. For l > 100, the power

spectrum is damped for the dark matter models, similar to the damping seen in the TT and

TE power spectra. The current data is insufficient for the large angle EE power spectrum

to be a useful probe of dark matter annihilation. We therefore perform a number of Monte

Carlo simulations to quantify the importance of the large angle polarization power spectrum.

We perform 105 Monte Carlo simulations to predict the outcome of a real experiment.

We restrict our discussion to light dark matter particles of mass mχ ∼ 10 GeV which are

motivated by the results of direct detection experiments. We also assume that the correct

theory is the standard ΛCDM model without WIMP dark matter annihilation, and test the

ability of future experiments to constrain dark matter with mχ ∼ 10 GeV. The assumed

true parameters are determined by the cosmological model that provides the best fit to the

TT power spectrum data, and are given by {h = 0.69, ns = 0.97, 109As = 2.245, Ωbh2 =

0.0225, Ωmh2 = 0.140}. One-step reionization at z∗ = 10.5 is assumed. For each value of l,
the simulated EE power spectrum CEE

l is a Gaussian distributed random number with a

16

Expected Planck EE error bars in the low l EE
= few x cosmic variance !

By contrast WMAP EE error bar at l = 40
 = 47 x cosmic variance :(



Other forms of indirect detection:

Gamma rays from DM annihilation ?
( works, good only for low mass DM )

is there a technique good for large DM masses ?
Yes - Radio observations !
       Synchrotron from DM annihilation in dwarfs.

The CMB is great to test low mass WIMPs.
Let’s look at other forms of indirect detection.



Radio observations of dwarf galaxies

LETTERS

A common mass scale for satellite galaxies of the
Milky Way
Louis E. Strigari1, James S. Bullock1, Manoj Kaplinghat1, Joshua D. Simon2, Marla Geha3, Beth Willman4

& Matthew G. Walker5

The Milky Way has at least twenty-three known satellite galaxies
that shine with luminosities ranging from about a thousand to a
billion times that of the Sun. Half of these galaxies were discov-
ered1,2 in the past few years in the Sloan Digital Sky Survey, and
they are among the least luminous galaxies in the knownUniverse.
A determination of the mass of these galaxies provides a test of
galaxy formation at the smallest scales3,4 and probes the nature of
the dark matter that dominates the mass density of the Universe5.
Here we use new measurements of the velocities of the stars in
these galaxies6,7 to show that they are consistent with them having
a common mass of about 107M[ within their central 300 parsecs.
This result demonstrates that the faintest of the Milky Way satel-
lites are the most dark-matter-dominated galaxies known, and
could be a hint of a new scale in galaxy formation or a character-
istic scale for the clustering of dark matter.

Many independent lines of evidence strongly argue for the pres-
ence of darkmatter in galaxies, in clusters of galaxies, and throughout
the observable Universe5. Its identity, however, remains a mystery.
The gravity of dark matter overwhelms that of the normal atoms and
molecules and hence governs the formation and evolution of galaxies
and large-scale structure8–10. In the currently favouredmodels of dark
matter, structure in the Universe forms hierarchically, with smaller
gravitationally bound clumps of dark matter—haloes—merging to
form progressively larger objects.

The mass of the smallest dark matter halo is determined by the
particle properties of dark matter. Dark matter candidates character-
ized as cold dark matter can form haloes that are many orders of
magnitude smaller than the least luminous haloes that we infer from
observations. Cosmological simulations of cold dark matter predict
that galaxies like theMilkyWay should be teeming with thousands of
dark matter haloes with masses ,106M[, with a steadily increasing
number as we go to the smallest masses11–14. A large class of dark
matter candidates characterized as ‘warm’ would predict fewer of
these small haloes15. However, even for cold dark matter it is uncer-
tain what fraction of the small dark matter haloes should host visible
galaxies, as the ability of gas to cool and form stars in small dark
matter haloes depends on a variety of poorly understood physical
processes16–20.

The smallest known galaxies hosted by their own dark matter
haloes are the dwarf spheroidal satellites of the Milky Way3,4. These
objects have very little gas and no signs of recent star formation. The
least luminous galaxies were recently discovered in the Sloan Digital
Sky Survey (SDSS)1,2 and follow-up observations have revealed them
to be strongly dominated by dark matter6,21,22.

We have compiled line-of-sight velocity measurements of indi-
vidual stars in 18 of the 23 known dwarf galaxies in the Milky

Way6,7.We use thesemeasurements to determine the dynamical mass
of their dark matter haloes using a maximum likelihood analysis23.
The dynamical mass is best constrained within the stellar extent,
which corresponds to an average radius of ,0.3 kiloparsecs (kpc)
for all the satellites. We determine this mass, M0.3, by marginalizing
over a five-parameter density profile for dark matter that allows for
both steep density cusps and flat cores in the central regions. It is
important to note that the observed velocity dispersion of stars is
determined by both the dynamical mass and the average anisotropy
of the velocity dispersion (that is, difference between tangential and
radial dispersion). The anisotropy is unknown and hence wemargin-
alize over a three-parameter anisotropy function for stellar velocity
that allows us to explore a range of orbital models for the stars23.

Figure 1 shows the resulting determination ofM0.3.We find that all
18 dwarf galaxies are consistent with having a dynamical mass of 107

solar masses within 0.3 kpc of their centres, despite the fact that they
have luminosity differences over four orders of magnitude. This
result implies a central density for dark matter of ,0.1M[ pc23 in
these galaxies. Earlier studies suggested that the highest luminosity
dwarf galaxies all shared a common mass4,24. With larger stellar data
sets, more than double the number of dwarf galaxies, and more
detailed mass modelling, our results confirm this suggestion and
conclusively establish that the dwarf galaxies of the Milky Way share
a common mass scale.

1Center for Cosmology, Department of Physics and Astronomy, University of California, Irvine, California 92697-4574, USA. 2Department of Astronomy, California Institute of
Technology, 1200 East California Boulevard, MS105-24, Pasadena, California 91125, USA. 3Department of Astronomy, Yale University, PO Box 208101, New Haven, Connecticut
06520-8101, USA. 4Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138, USA. 5Institute of Astronomy, University of Cambridge,
Madingley Road, Cambridge CB3 0HA, UK.
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Figure 1 | The integratedmass of theMilkyWaydwarf satellites, in units of
solar masses, within their inner 0.3 kpc as a function of their total
luminosity, in units of solar luminosities. The circle (red) points on the left
refer to the newly discovered SDSS satellites, whereas the square (blue)
points refer to the classical dwarf satellites discovered pre-SDSS. The error
bars reflect the points where the likelihood function falls off to 60.6% of its
peak value.
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• Dark matter dominated. Low astrophysical background.

• Dark Matter annihilation in dwarf galaxies produces 
e+/e- in addition to photons and neutrinos.

• Relativistic charged particles moving in a magnetic field 
   emit synchrotron radiation.

Strigari et al. 2008



Observations with the Green Bank Telescope at 1.4 GHz

• Large synchrotron flux from DM annihilation.

• Absence of strong RFI sources.

• Ability to subtract point sources using an external catalog.

6
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FIG. 2: RFI scans for the GBT Prime Focus Receiver band 650 MHz - 920 MHz, and the Gregorian Receiver

in the L-band (1.15 GHz - 1.73 GHz). We will collect data in the RFI quiet regions 700 MHz - 850 MHz

and 1.3 GHz - 1.5 GHz.

D. Observations of dwarf galaxies with the Green Bank Telescope

The Robert C. Byrd Green Bank Telescope (GBT) is the largest fully steerable radio telescope

in the world and is located in the National Radio Quiet Zone in Green Bank, W. Virginia. The

GBT has an unblocked aperture of 100m, and is sensitive to frequencies 290 MHz - 100 GHz [43].

The receiver mounts are of 2 types: The Prime Focus receiver which collects data in the range 290

MHz - 920 MHz in 4 frequency bands and (ii) Gregorian receivers sensitive to frequencies > 1.15

GHz [43]. It is advantageous to collect data at frequencies that satisfy the following criteria:

• Large predicted synchrotron flux from dark matter annihilation.

• Low system temperature.

• Absence of strong Radio Frequency Interference (RFI).

• Ability to subtract point sources using external catalogs.

The RFI scans for the GBT in 2 different frequency bands are shown in Figure 2. RFI-quiet

regions exist between 700 MHz and 850 MHz, and between 1.3 GHz and 1.5 GHz. We will observe

in these frequency windows. The thermal noise floor is computed from the radiometer equation:

S =
Tsys

η
√

BW × T
, (7)

where Tsys ≈ 25 K is the system noise temperature for the GBT at the relevant frequencies, η ≈ 0.7
is the aperture efficiency, BW is the usable bandwidth, and T is the duration of observation. For

typical values BW ≈ 100 MHz and T ≈ 1 hour, the thermal noise floor S ≈ 0.06 mK. From Figure

1, we see that the expected values of brightness temperature are between 0.01 - few mK depending

on the astrophysical and particle parameters. In practice, the noise threshold is set not by the

thermal limit, but rather by mapping errors, and confusion noise from unresolved point sources.

RFI plot

NVSS catalog
--> VLA at 1.4 GHz
all point sources north of -40 dec.

A.N., Peterson, Voytek, Spekkens, Aguirre, Mason, in preparation.



Deep Radio Observations of Nearby dSphs 7

Fig. 4.— Comparison of the inner 2◦ × 2◦ of the Draco field
from a) our GBT observations and b) the NVSS, convolved to the
GBT resolution. The horizontal line in the bottom-left corner of a)
shows an angular scale of 0.5◦. In both panels, the linear intensity
scale ranges from -10 to 250 mJy/beam and the cross denotes the
stellar centroid of Draco (Table 1).
(A color version of this figure is available in the online journal.)

TABLE 3
Noise Properties of the GBT maps

Field σusub σsub σmap σast DR
(mJy/bm) (mJy/bm) (mJy/bm) (mJy/bm)

(1) (2) (3) (4) (5) (6)

Draco 33 6.6 3.4 5.7 88
UMaII 50 6.3 5.1 3.7 142
Coma 34 3.6 1.3 3.3 87
Will1 14 2.3 1.5 1.8 37

Note. — Col. 1: Field name. Col. 2: standard deviation of
pixels in unsubtracted map. Col. 3: standard deviation of pixels in
subtracted map. Col. 4: estimated contribution to σsub in col. 3
from mapping uncertainties, or the standard deviation of the pixels
in the difference map in Fig. 3i-3l. Col. 5: estimated contribution
to σsub from astrophysical sources: σ2

ast = σ2
sub − σ2

map. Col. 6:
Dynamic range: ratio of peak brightness in unsubtracted map and
σsub.

ties are given in Table 4. The detected variable source
density is in reasonable agreement with the results of
de Vries et al. (2004), who use a similar catalog and ap-
proach to find 1 variable source per square degree over
120.2 deg2 of high-latitude sky on a 7-year baseline: 4/7
of our variable sources have a fractional variability be-
low 50% (col. 5 of Table 4), while de Vries et al. (2004)
report (73± 4)%.
We therefore conclude that on timescales of years, the

Fig. 5.— Discrete-source subtracted Stokes I maps of a) Draco,
b) UMaII, c) Coma, d) Will1. The linear intensity scale ranges
from -10 to 25 mJy/beam: note that this upper limit is a factor of
10 smaller than that in Fig. 3a-3d. The horizontal line in the lower
left corner of each panel is 0.5◦ in length, and the cross denotes
the optical centroid of each dSph (Table 1).
(A color version of this figure is available in the online journal.)

Deep radio observations of nearby dSphs. 
K. Spekkens et al.   arXiv: 1301.5306
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Fig. 4.— Comparison of the inner 2◦ × 2◦ of the Draco field
from a) our GBT observations and b) the NVSS, convolved to the
GBT resolution. The horizontal line in the bottom-left corner of a)
shows an angular scale of 0.5◦. In both panels, the linear intensity
scale ranges from -10 to 250 mJy/beam and the cross denotes the
stellar centroid of Draco (Table 1).
(A color version of this figure is available in the online journal.)

TABLE 3
Noise Properties of the GBT maps

Field σusub σsub σmap σast DR
(mJy/bm) (mJy/bm) (mJy/bm) (mJy/bm)

(1) (2) (3) (4) (5) (6)

Draco 33 6.6 3.4 5.7 88
UMaII 50 6.3 5.1 3.7 142
Coma 34 3.6 1.3 3.3 87
Will1 14 2.3 1.5 1.8 37

Note. — Col. 1: Field name. Col. 2: standard deviation of
pixels in unsubtracted map. Col. 3: standard deviation of pixels in
subtracted map. Col. 4: estimated contribution to σsub in col. 3
from mapping uncertainties, or the standard deviation of the pixels
in the difference map in Fig. 3i-3l. Col. 5: estimated contribution
to σsub from astrophysical sources: σ2

ast = σ2
sub − σ2

map. Col. 6:
Dynamic range: ratio of peak brightness in unsubtracted map and
σsub.

ties are given in Table 4. The detected variable source
density is in reasonable agreement with the results of
de Vries et al. (2004), who use a similar catalog and ap-
proach to find 1 variable source per square degree over
120.2 deg2 of high-latitude sky on a 7-year baseline: 4/7
of our variable sources have a fractional variability be-
low 50% (col. 5 of Table 4), while de Vries et al. (2004)
report (73± 4)%.
We therefore conclude that on timescales of years, the

Fig. 5.— Discrete-source subtracted Stokes I maps of a) Draco,
b) UMaII, c) Coma, d) Will1. The linear intensity scale ranges
from -10 to 25 mJy/beam: note that this upper limit is a factor of
10 smaller than that in Fig. 3a-3d. The horizontal line in the lower
left corner of each panel is 0.5◦ in length, and the cross denotes
the optical centroid of each dSph (Table 1).
(A color version of this figure is available in the online journal.)
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Fig. 7.— Radial profiles measured from the subtracted Stokes I GBT maps in Fig. 5 (solid line) for a) Draco, b) UMaII, c) Coma and d)
Will1. Note that the horizontal and vertical scales in the panels differ. In each panel, the dotted, dashed and dot-dashed lines show profiles
derived from the time, elevation and PA difference maps, respectively. For perfectly mapped fields, these profiles would have I(r) = 0.
Points to the left of the vertical arrow were included in the χ2

r computation of Table 5 and the comparisons to the halo models of CPU07
in §4.1; see text for details.
(A color version of this figure is available in the online journal.)

TABLE 5
Radial Profile χ2

r Statistics

Field DOF Stokes I Time Diff El Diff PA Diff
(1) (2) (3) (4) (5) (6)

Draco 9 7.7(<0.0001) 1.6(0.11) 1.1(0.36) 2.2(0.019)
UMaII 8 0.8(0.60) 2.1(0.032) 0.5(0.86) 1.0(0.43)
Coma 5 43(<0.0001) 1.1(0.36) 0.1(0.99) 1.1(0.36)
Will1 3 5.8(0.00078) 1.6(0.12) 1.3(0.27) 1.2(0.31)

Note. — Col. 1: Field name. Col. 2: Number of degrees of
freedom in χ2

r computation. Cols. 3–6: Value of χ2
r obtained for the

Stokes I (col. 3), time difference (col. 4), elevation difference (col. 5)
or PA difference (col. 6) profile. The number in parentheses is the
one-sided p−value of the chi-squared test given χ2

r and the degrees
of freedom in col. 2.

nomial or other time-domain functions when making
maps from time series scans (see also Dicker et al. 2009;
Aguirre et al. 2011). We find that fitting a second-order
polynomial to the data time-series is too aggressive, and
filters out most of the annihilation halo flux predicted by
CPU07. We have therefore implemented a linear baselin-
ing procedure, and evaluate its filtering effect here.
It is clear that the sensitivity of the final maps to a

given emission feature is a function of both its character-

istic scale and morphology: to use the extremes as an ex-
ample, our maps have full sensitivity to discrete sources
but are blind to constant emission across the field, as the
latter would be completely filtered out when the data
are baselined. The most reliable way to quantify our
sensitivity to extended halos is therefore to inject them
directly into the time-ordered data and to attempt to
recover them post-processing. We carry out this proce-
dure as follows: we inject each of the profiles in Fig. 1,
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II. PROPOSED RESEARCH PROGRAM

We propose to study the properties of WIMP dark matter by (i) Performing radio observations of

a carefully chosen set of nearby dwarf galaxies using the Green Bank Telescope, and (ii) Performing

a maximum likelihood analysis of publicly available CMB observations by WMAP and SPT at

multiple frequencies, and future data releases from the Planck, ACTPol, and SPTPol experiments.

A. Theoretical modeling of dwarf galaxies

Dwarf galaxies are among the most dark matter dominated systems known (for a review, see

[22]). They have little gas, and no signs of ongoing star formation. Unlike the Galactic center,

dwarf galaxies do not have significant sources of radio emission. The high Mass/Light ratio together

with the low astrophysical background makes optically faint dwarf galaxies excellent targets for

indirect dark matter detection, for e.g. with gamma rays [2, 3, 23, 24] or X-rays [4].

If dark matter is made up of WIMPs, they annihilate at a rate �σav� ∼ 1 picobarn ×c pro-

ducing standard model particles such as electrons/positrons, photons, and neutrinos. The number

of WIMP annihilations per unit time and per unit volume is proportional to the square of the

dark matter density. The electrons and positrons produced are highly relativistic. These charged

particles accelerated through the magnetic field of the dwarf galaxy emit synchrotron radiation.

Thus, one may search for dark matter by observing the synchrotron radiation coming from the

direction of dark matter dominated dwarf galaxies.

Line of sight velocities are widely used to determine the properties of the dark matter halos of

dwarf galaxies [25–27]. For a relaxed system, one may obtain the velocity dispersion of the stellar

component along the line of sight by solving the Jeans equation. The stellar distributions are well

fit by either Plummer or King profiles. The dark matter profile may be modeled by a power law:

ρDM(r) =
ρs

(r/rs)
α (1 + r/rs)

β
(1)

The choice α = 1, β = 2 gives the well known Navarro-Frenk-White profile [28], while the choice

α = 0, β = 2 gives the cored-isothermal profile. Stellar radial velocities of the nearby dwarf galaxies

are sufficiently well measured to allow modeling of their dark matter halo.

As mentioned earlier, relativistic charged particles moving in a magnetic field emit synchrotron

radiation. However, the transport of electrons and positrons is complicated due to diffusion and

energy loss processes. In equilibrium, the energy spectrum of electrons/positrons is obtained by

solving the diffusion equation [6, 7]:

D(E)∇2ψ(r, E) +
∂

∂E
[b(E)ψ(r, E)] + Q(r, E) = 0, (2)

where ψ(r, E) = dn/dE is the number of electrons/positrons per unit volume per unit energy, and

D(E) = D0

�
E

GeV

�γ

. (3)

D0 is called the diffusion coefficient. b(E) represents energy loss due to synchrotron radiation and

inverse Compton scattering:

b(E) =
1 GeV

τe

�
E

GeV

�2

, (4)
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Colafrancesco, Profumo, Ullio ’07

Diffusion Energy loss Source

Diffusion co-efficient:  
Milky Way D ≈ 0.01 kpc2/Myr.

Magnetic field:  B = 2.8 ± 0.7 μG for IC 1613
                    B = 4.0 ± 1.0 μG for NGC 6822
                    B = 3.2 ± 1.0 μG SMC

Donato et al. 2004

Chyzy et al. 2011 
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FIG. 1: Predicted synchrotron emission from Draco dwarf galaxy. The dark matter density was modeled by
an NFW density profile with rs = 1 kpc, ρs = 1.4 GeV/cm3. The magnetic field amplitude B was assumed
to be 1 µG. (a), (b), (c) show the predicted brightness temperature T as a function of angle on the sky, at
an observed frequency ν = 1.4 GHz, while (d) and (e) show the variation in T with frequency at an angular
scale of 10 arcminutes, for the bb̄ and τ+τ− channels.

temperature for different choices of the dark matter particle mass, for the primary annihilation
channel χχ → bb̄, as a function of angle on the sky. The diffusion parameters are set to (D0 = 1026

cm2/s, γ = 0.7), and the annihilation rate is assumed to be equal to the thermal value �σav� = 1
pb ×c. Rather surprisingly, the brightness temperature for the mχ = 100 GeV scenario exceeds the
prediction for the mχ = 10 GeV model. The reason for this is the spectral shape of the synchrotron
power Psynch(ν, E). At a frequency of 1.4 GHz, Psynch(ν, E) is very small for E � 5 GeV, resulting
in diminished synchrotron emission for mχ = 10 GeV. On the hand, more massive dark matter
particles mχ ∼ 100 GeV produce plenty of e± at energies E > 5 GeV, resulting in significant
synchrotron emission. Very massive particles mχ ∼ 1 TeV are hard to detect since the WIMP
number density ∝ 1/mχ. At lower frequencies, say ν = 325 MHz, Psynch(ν, E) is sufficiently soft
that the light dark matter models mχ ∼ 10 GeV are easier to detect. Synchrotron observations
are thus distinctly different from other indirect searches because the observed flux does not scale
inversely with the WIMP mass.

Plot (b) shows the predicted brightness temperature for different primary annihilation channels,
for a particle mass mχ = 100 GeV annihilating with a thermal cross section. The choice of primary
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1. Mass within 300 pc (Strigari et al, Walker et al.)

2. The J factor (Fermi, Ackermann et al.)
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What about a core ?



Modeling dwarf galaxies

1. Mass within 300 pc (Strigari et al, Walker et al.)

2. The J factor (Fermi, Ackermann et al.)
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Constraints on DM annihilation from GBT 
observations of Ursa Major II: 20 hours

A.N., Peterson, Voytek, Spekkens, Aguirre, Mason,
in preparation.

Mass = 100 GeV

�σav� < 8 × 10−26 cm3/s for mχ = 100 GeV

1

�σav� < 3 × 10−26 cm3/s
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rs )2

1

for B = 2.1 uG

preliminary !!!



The particle nature of Dark Matter:

What are the collider signatures of a 
WIMP of cosmological significance ?



Collider searches

Let’s consider a well motivated theory:
                 the MSSM

2 Higgs doublets:    2 neutral CP-even  h, H
5 Higgs bosons !     1 neutral CP-odd   A
                        2 charged.          H± 
                      

where mz is the Z boson mass, θw the Weinberg angle, and tanβ = vu/vd is the ratio of

the vacuum expectation values for the two Higgs doublets. The lightest neutralino is a

linear combination of the superpartners

χ0
1 = N11B̃ +N12W̃3 +N13H̃d +N14H̃u, (3.1)

where Nij are the elements of the matrix N that diagonalize Mneut:

N
∗
MneutN

−1
= diag{mχ0

1
,mχ0

2
,mχ0

3
,mχ0

4
}. (3.2)

The eigenvalues of Mneut are the masses of the four neutralinos. An interesting limit

is mz � |M1 ± µ| and |M2 ± µ|, in which case, the mass eigenstates (neutralinos χ0
i ) are

nearly pure gauge eigenstates (gauginos and Higgsinos). This also implies that large mixing

of gaugino and Higgsino components for the mass eigenstates only takes place when M1

and/or M2 are nearly degenerate with µ. We will focus only on the lightest neutralino

(henceforth denoted by χ0
1) with a mass mχ0

1
. In particular, we assume that it constitutes

the majority of the DM.

Intimately related to the neutralinos is the Higgs sector. The tree level Higgs masses

in the MSSM can be expressed in terms of tanβ and the CP-odd mass MA. Radiative

corrections enhance the Higgs mass significantly via the top quark Yukawa coupling, the

third generation squark mass parameters MQ3, MU3, and the left-right squark mixing At.

Flavor physics observations from the b-quark sector often serve as stringent constraints

and we therefore include the sbottom sector parameters MD3 and the squark mixing Ab.

The last potentially relevant sector is the stau, which could be light and contribute to the

t-channel exchange, co-annihilations to control the relic density. We therefore generously

vary the MSSM parameters in the ranges

5GeV < |M1| < 2000GeV, 100GeV < |M2, µ| < 2000GeV,

3 < tanβ < 55, 80GeV < MA < 1000GeV, (3.3)

−4000GeV < At < 4000GeV, 100GeV < MQ3, MU3 < 3000GeV,

−4000GeV < Ab < 4000GeV, 100GeV < MD3 < 3000GeV,

−4000GeV < Aτ < 4000GeV, 100GeV < ML3, ME3 < 3000GeV.

The lowest values of M1, M2 and µ control the LSP mass for the WIMP DM. The lower

values of 100 GeV for M2, µ are dictated by the LEP-2 bound from the largely model-

independent chargino searches. The lower limit of tanβ is close to the LEP-2 Higgs search

exclusion. The lower limit of MA is chosen to cover the non-decoupling Higgs sector as

well as above the LEP-2 bound on the charged Higgs. The upper limit of M1, M2, µ and

the soft SUSY breaking masses in the stop and stau sectors are set with consideration of

naturalness [36,58–62]. The other soft supersymmetry breaking parameters are less relevant

for our DM considerations and we therefore set the other trilinear mass parameters to be

zero, and the other soft SUSY breaking masses at 3 TeV.

While the natural value of µ is supposed to be close to the electroweak scale, we vary

µ up to 2 TeV to capture some interesting futures such as the scenario of “well-tempered

– 5 –

tan β = vu / vd

Non-Decoupling regime:  HEAVY CP-even Higgs is SM like.
MA ∼ MH < 130 GeV.  Low mass DM.

Decoupling regime:  LIGHT CP-even Higgs is SM like.
MA ∼ MH > 250 GeV  Heavy DM.



Theoretical parameter space:

where mz is the Z boson mass, θw the Weinberg angle, and tanβ = vu/vd is the ratio of

the vacuum expectation values for the two Higgs doublets. The lightest neutralino is a

linear combination of the superpartners

χ0
1 = N11B̃ +N12W̃3 +N13H̃d +N14H̃u, (3.1)

where Nij are the elements of the matrix N that diagonalize Mneut:

N
∗
MneutN

−1
= diag{mχ0

1
,mχ0

2
,mχ0

3
,mχ0

4
}. (3.2)

The eigenvalues of Mneut are the masses of the four neutralinos. An interesting limit

is mz � |M1 ± µ| and |M2 ± µ|, in which case, the mass eigenstates (neutralinos χ0
i ) are

nearly pure gauge eigenstates (gauginos and Higgsinos). This also implies that large mixing

of gaugino and Higgsino components for the mass eigenstates only takes place when M1

and/or M2 are nearly degenerate with µ. We will focus only on the lightest neutralino

(henceforth denoted by χ0
1) with a mass mχ0

1
. In particular, we assume that it constitutes

the majority of the DM.

Intimately related to the neutralinos is the Higgs sector. The tree level Higgs masses

in the MSSM can be expressed in terms of tanβ and the CP-odd mass MA. Radiative

corrections enhance the Higgs mass significantly via the top quark Yukawa coupling, the

third generation squark mass parameters MQ3, MU3, and the left-right squark mixing At.

Flavor physics observations from the b-quark sector often serve as stringent constraints

and we therefore include the sbottom sector parameters MD3 and the squark mixing Ab.

The last potentially relevant sector is the stau, which could be light and contribute to the

t-channel exchange, co-annihilations to control the relic density. We therefore generously

vary the MSSM parameters in the ranges

5GeV < |M1| < 2000GeV, 100GeV < |M2, µ| < 2000GeV,

3 < tanβ < 55, 80GeV < MA < 1000GeV, (3.3)

−4000GeV < At < 4000GeV, 100GeV < MQ3, MU3 < 3000GeV,

−4000GeV < Ab < 4000GeV, 100GeV < MD3 < 3000GeV,

−4000GeV < Aτ < 4000GeV, 100GeV < ML3, ME3 < 3000GeV.

The lowest values of M1, M2 and µ control the LSP mass for the WIMP DM. The lower

values of 100 GeV for M2, µ are dictated by the LEP-2 bound from the largely model-

independent chargino searches. The lower limit of tanβ is close to the LEP-2 Higgs search

exclusion. The lower limit of MA is chosen to cover the non-decoupling Higgs sector as

well as above the LEP-2 bound on the charged Higgs. The upper limit of M1, M2, µ and

the soft SUSY breaking masses in the stop and stau sectors are set with consideration of

naturalness [36,58–62]. The other soft supersymmetry breaking parameters are less relevant

for our DM considerations and we therefore set the other trilinear mass parameters to be

zero, and the other soft SUSY breaking masses at 3 TeV.

While the natural value of µ is supposed to be close to the electroweak scale, we vary

µ up to 2 TeV to capture some interesting futures such as the scenario of “well-tempered
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A.N., Tao Han, Zhen Liu, arXiv:1303.3040

phenomenological MSSM.
Lower bounds from collider searches
Upper bounds from naturalness arguments.
     



Low mass DM annihilation:

LSP is a Majorana fermion:
Annihilation to light fermions is helicity suppressed.

f

f
-

χ χ

χ χ

b b
-

A0 Amp ∼ tan β 

Bs --> μ+μ-     Very sensitive to tan β for small MA

Correct relic density
for low mass WIMPs:
High tan β
Low MA

A0 → bb̄; τ+τ−

�σav� < 3× 10−26 cm3/s

ρ
ρs

= 1

( r+rcore
rs )(1+ r+rcore

rs )2

1

Non observation of CP-odd Higgs decay at LHC.



We look for solutions that satisfy

•  DM relic density consistent with WMAP + LSS.

• 123 GeV < Mh < 128 GeV and σγγ	 >	 0.8 x SM
   plus Higgs search bounds from LEP+Tevatron+LHC
   plus LEP bound on the chargino mass > 100 GeV
                      and the slepton mass > 80 GeV 

•   LHCb:  BR (Bs --> μ+μ-)  < 5.1 x 10-9 
    Belle / Babar  2.31 x 10-4 < BR(b --> sγ) < 4.51 x 10-4

•  SI scattering c/s consistent with XENON - 100.

•  SD scattering c/s consistent with IceCube.
    Ann. c/s consistent with Fermi. 



(a) (b)

(c) (d)

Figure 2: Allowed parameter regions versus the CP-odd Higgs boson mass mA, for (a) tanβ,
(b) the Higgs mixing parameter µ, (c) stop mixing parameter At and (d) LSP DM mass mχ,
respectively. All points pass the collider and Higgs constraints of Eq. (4.2). The grey squares
require that the DM does not overclose the Universe; the red stars in addition satisfy the flavor
constraints of Eq. (4.3); the blue disks are consistent with the LSP being all of the DM (i.e. predicts
the correct relic density of Eq. (4.1)). The green squares pass the XENON-100 direct search bound
in addition to the other requirements.

experiments that are sensitive to the spin-dependent scattering of DM with Hydrogen in

the sun. We also take into account bounds obtained by the Fermi satellite from the absence

of gamma rays from the nearby dwarf galaxies.

4.3 Scanning results

We now present our results for the allowed parameter regions in Figs. 2−9. In Fig. 2,

we show the parameter points passing the Higgs constraints in Eq. (4.2) versus the CP-

odd Higgs boson mass mA, for (a) tanβ, (b) Higgs mixing parameter µ, (c) stop mixing

parameter At and (d) DM mass mχ, respectively. These allowed parameter regions are

shown in Fig. 3 for branching fractions (a) BR(b → sγ) and (b) BR(Bs → µ+µ−) versus

tanβ. We show from the same set of points, the Wino mass parameter M2 and the Higgsino

mass parameter µ versus the Bino mass parameter M1 in Figs. 4(a) and (b). We show the

– 8 –

(a) (b)

Figure 3: Allowed branching fraction regions versus tanβ, for (a) b → sγ, (b) Bs → µ
+
µ
−. The

corresponding experimental central values and 2σ bands are plotted on each panel. Symbols and
legends are the same as in Fig. 2.

second and third neutralino masses mχ0
2
, mχ0

3
, the light stau mass and the light stop mass

versus the LSP mass mχ in Figs. 4(c), (d), (e) and (f). In the above Figures 2−4, all

points satisfy the collider, and Higgs search requirements in Eq. 4.2. The grey squares

show MSSM models that do not overclose the universe. The red stars in addition satisfy

the flavor requirements in Eq. (4.3). The blue disks represent the models that give the

correct relic density in Eq. (4.1). Finally, the green squares pass the severe XENON-100

direct search bound on the WIMP-proton spin-independent elastic scattering.

The results obtained here are consistent with the existing literature on the studies at

the LHC [81,82]. We make the following important observations:

(1). Higgs constraints (grey squares): We start with points that do not overclose the uni-

verse and satisfy the collider search requirements in Eq. (4.2). We reproduced the known

results that there are two surviving regions:

(i) The non-decoupling regime where mA ∼ 95− 130 GeV, the heavy CP-even Higgs (H)

is SM-like, and the light CP-even Higgs (h) is nearly degenerate in mass with the CP-odd

Higgs (A). This region is particularly interesting since it leads to rich collider phenomenol-

ogy and favors a light WIMP mass mχ � 50 GeV. These points are not shown on the plots

since they are disfavored by the flavor constraints, as discussed next.

(ii) The decoupling regime where mA � 250 GeV, the light CP-even Higgs is SM-like, and

the heavy CP-even Higgs is nearly degenerate in mass with the CP-odd Higgs. This regime

is difficult to observe at the LHC when mA � 400 GeV and tanβ ∼ 10− 20 in traditional

SM Higgs search channels due to severely suppressed couplings to the gauge bosons.

(2). Flavor constraints (red stars): The two decay processes b → sγ and Bs → µ
+
µ
− are

the most constraining ones. The experimental central values are plotted on the calculated
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Gray points: Consistent with collider Higgs + doesn’t overclose.
Red:  Also consistent with b-flavor constraints.
Blue: + correct relic density.
Green: + XENON-100 bounds.
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Figure 6: (a) The annihilation cross section �σav� in the limit v → 0 along with the 95% exclusion

obtained by the Fermi satellite from the absence of gamma rays from the nearby dwarf galaxies [13].

(b) The spin-dependent scattering cross section with a proton, along with the 90% exclusion curves

from the Super-K [79] and IceCube [80] experiments. Legends are the same as in Fig. 5.

We categorize model points as scenario II-A if the difference between the LSP mass and

neutralino NLSP3 mass is less than 15% of the LSP mass, namely mχ0
2
−mχ0

1
< 0.15mχ0

1
.

Other cases are categorized as scenario II-B. Our classification and categorization have

been verified by investigating a fraction of our generated model points and looking into

their individual contributing annihilation channels.

(5). Indirect search bounds:

There exist cosmological bounds from the indirect search for DM signals. We present

the annihilation cross section �σav� in the limit v → 0 (i.e. the v-independent component)

versus the LSP DM mass in Fig. 6(a), along with the 95% exclusion obtained by the

Fermi-LAT satellite from the absence of gamma rays from the nearby dwarf galaxies [13].

We see that further improvement from the measurement at the Fermi-LAT will reach

the current sensitivity range. The spin-dependent scattering cross section with a proton

is shown in Fig. 6(b), along with the 90% exclusion curves from the Super-Kamiokande

experiment [79] and the IceCube constraint from DM annihilation in the Sun [80]. We see

that IceCube results are cutting into the relevant parameter region closing the gap from

the direct searches, although the bounds from the indirect searches are not quite as strong

as that from XENON-100.

5. Discussions

5.1 The nature of the DM

Experimental results from the collider searches, the b-quark rare decays and the direct DM

searches, combined with the relic density requirement have put very stringent constraints

3This is almost always true because we have a very Bino-like LSP. For cases with τ̃1, t̃1 NLSP with the

sfermion coannihilation mechanism, they fall into scenario II-B automatically.
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Figure 5: Spin-independent cross section versus the DM mass mχ0
1
. All the points in the colored

shaded region give the correct relic abundance in Eq. (4.1), satisfy the collider constraints in Eq. (4.2)
and the flavor constraints in Eq. (4.3). The green region represents the model points with the Z

and Higgs resonances. The Z funnel and h funnel regions are clearly visible for WIMP masses
around half the Z mass and half the Higgs mass. The yellow points represent the region of co-
annihilation with Wino-like/Higgsino-like NLSPs. The magenta points represent the region with
τ̃ , ν̃τ , b̃, t̃ contributions. The gray points represent the scenarios with special cancellations when
M1 and µ take opposite signs. The DAMA and CoGeNT contours (3σ) are shown for astrophysical
parameters v0 = 220 km/s, vesc = 600 km/s, and for a local density ρ0 = 0.3 GeV/cm3. CRESST
contours are 2σ regions, from [6]. The blue region is excluded by the XENON-100 experiment (90%
exclusion curve from [8], for v0 = 220 km/s, vesc = 544 km/s, ρ0 = 0.3 GeV/cm3). Recent results
from the TEXONO [12] collaboration are shown. Expected exclusion bounds from the ongoing
LUX experiment [10] and the future XENON-1T experiment [11] are also shown.

I-C (green) χ0
1χ

0
1 → H,A → SM predictsmχ ≈ mA,H/2 ∼ 0.2−0.5 TeV, theH/A-funnel.

II-A (yellow) Neutralino/chargino coannihilation [86,87]: χ0
i
χ0
j
, χ0

i
χ±
j
→ SM.

II-B (magenta) Sfermion assistance [88–90]: χ0
1τ̃ , χ

0
1t̃, χ

0
1b̃ → SM ; t-channel τ̃ , ν̃ in χ0

i
χ0
j
.

We categorize model points as scenario I if the difference between the mediator mass

and twice the LSP mass is within 8% of the mediator mass, namely

|mZ,h,A − 2mχ0
1
| ≤ 0.08 mZ,h,A. (4.4)
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Conclusions

•  WIMPs are well motivated dark matter candidates.
    We may search for WIMPs using many techniques.

•  The CMB is a very clean probe of low mass WIMP dark matter.
    Current limits from WMAP-9 + SPT + BICEP + QUAD 
    disfavor WIMP mass < 10 GeV.

• Larger WIMP masses must be probed by other means
   --> A very way is by measuring the synchrotron emission
from DM dominated, low background objects like the dSphs.
 100 GeV WIMP disfavored if magnetic field ∼ 2-3 uG !

• Collider searches can give us complementary information.
   LHC + LEP + BELLE / Babar exclude low mass WIMPs in the MSSM.


